The periodontal ligament receives a rich sensory nerve supply and contains many nociceptors and mechanoreceptors. Although its various kinds of mechanoreceptors have been reported in the past, only recently have studies revealed that the Ruffini endings-categorized as low-threshold, slowly adapting, type II mechanoreceptors-are the primary mechanoreceptors in the periodontal ligament. The periodontal Ruffini endings display dendritic ramifications with expanded terminal buttons and, furthermore, are ultrastructurally characterized by expanded axon terminals filled with many mitochondria and by an association with terminal or lamellar Schwann cells. The axon terminals of the periodontal Ruffini endings have finger-like projections called axonal spines or microspikes, which extend into the surrounding tissue to detect the deformation of collagen fibers. The functional basis of the periodontal Ruffini endings has been analyzed by histochemical techniques.
(I) Introduction
dontal ligament is regarded as one important component of this sensory input system for mastication 1\ A astication is not just the simple movement of the (Matthews, 1975; Hannam, 1982; Taylor, 1990) . lVi jaw, but it is an action which has a close relation to Periodontal nerves react to touch, pressure sensation, the complicated functions of many organs in the orofa-and tooth position as well as tissue injury, while pulpal cial region. This movement is mainly composed of three nerves in teeth cause only pain sensation. Furthermore, systems: (1) the central nervous system, which unifies the mechanical sensation for the periodontal ligament the peripheral target organs; (2) the sense apparatus can evoke various oral reflexes which facilitate masticainside the peripheral target organs; and (3) the output to tion (Matthews, 1975;  Taylor, 1990) . rich nerve supply and tvwo types of sensory receptors n the periodontal ligarnent frec and specialized nerve erminals (Schroeder, 1986, Maeda and Sato, 1992; Byers and Maeda, 1997; Maeda and Ohshima, 1998) The former group, distributed most abundantly in the periodontal ligament, is generally thought to represent nociceptors, whereas the latter are regarded as mecharorecep tors (for review, see Byers and Maeda 1997) Recent imnorphological investigations with various histological tech niques have revealed that Ruffini endinigs, which are lowthreshold type 11 stretch mechanoreceptors (Chambers ct al., 1972 , Biemesderfer cl al., 1978 , are the primary periodontal mechanoreceptors, though their developmert and morphology vary amon.g species and tooth types (Byers, 1985; Maeda ct al, 1987 , Sate ct al., 1988 , 1992 Byers and Dong, 1989; Kannari, 1990 Kannari et al, 1991 (Byers, 1985 However, they share ultrastructural features with the Ruffiini endings in other tissues and have similar morphological variations (Andres and von During, 1973 , Munger and Ide, 1988 : Sano, 1995 . Therefore, in this review we will use the term "periodontal Ruffini endings"
The following three criteria are regarded as common features of the periodontal Ruffini endings at the light microscopic level (Maeda, 1987 , Maeda ct at., 1987 , 1990a , Sato t7 al, 1988 ; Byers and Dong, 1989, Byers and (Pfaffmann, 1939a (Pfaffmann, ,b, lerge, 1963 Beaudreau and lerge, 1968; Matthews, 1975 , Dubner cl cil, 1978 Hannam, 1982 Taylor, 1990 . In an experimental study in which electrical stimuli were applied directly to the periodontal receptors through a thin layer of bone overlyirig the labial aspect of the cat canine tooth, Cash and Linden (1982) recorded both types of the responses from the inferior alveolar nerve. However, they raised the hypothesis that there is only one type of mechanoreceptor situated within the periodontal ligament, and that its response characteristics depend on the position of the receptor relative to the fulcrum for tooth displacement (Cash and Lincier, 1982; Millar et al., 1989) On the other hanid, marry histological observations have demonstrated the existence of various kinds of mechanoreceptors in the periodontal ligament (Byers and Maeda, 1997) From the ultrastructural view using serial reconstructions, Byers (1985) (Andres and von During, 1973) and expanded axon terminals equipped with axonal spines which penetrate surrounding tissues * Type 2: These thinner, less branched Ruffini endings have fewer axonal spines, less elaborate Schwann cells, and less basal lamina.
Both types of Ruffini endings are usually present in the periodontal ligament However their distribution area varies among species and kinds of teeth. It is the region around the root apex that receives a rich innervation where both types can be recognized within the periodontal ligament The middle region of the periodontal ligament appears to contain abundant type 2 periodontal Ruffini endings. The periodontal ligament of rodent incisors, such as in rats and hamsters, contains only type I Ruffini endings (Sato et al, 1988 Byers and Dong, 1989 , Kannari, 1990 , Kannari cl al., 1991 The soma innervating the periodontal Ruffini endings are located in both the trigeminal ganglion and mesencephalic nucleus, as shown by physiological studies (lerge, 1963, Beaudreau and lerge, 1968; Marfurt and Turner, 1983 , Millar et al., 1989 , Linden et al, 1994 ) A morphological study, using autoradiographic techniques, clearly demonstrated a different distribution for trigeminal and mesencephalic Ruffini endings in the periodontal ligament of the cat (Byers el al., 1986) . Each type of innervation is found on all sides of the tooth, but the trigeminal Ruffini endings are concentrated from the middle region to the apex, while mesencephalic endings are mostly near the root apex (Byers et al., 1986) . 'I'he rapidly adapt- I. W}~, Figure 2 . Electron micrographs of periodontal Ruffini endings. (a) The peiiodontal Ruffini ending is characterized by the expanded axon terminals filled with abundant mitochondria. They are covered with Schwann sheaths extending from the cell body of terminal Schwann cell (TSC) which contains well-developed endoplasmic reticulum and Golgi apparatus (asterisk). The terminal Schwann cell is seen to extend its cytoplasmic processes to two axon terminals (AT) (arrows). Stained with uranyl acetate and lead citrate. Reprinted with permission from Kannari (1990) . (b) An axon terminal cut along the long axis.
The axon terminal (AT) is filled with many mitochondria and is surrounded by discontinuous Schwann cell coverings. Through slits of the Schwann sheaths (SS), the axoplasm is seen to expose itself to the surrounding tissue (arrows). Stained with uranyl acetate and lead citrate. (c) A closer view of the Schwann cell covering (SS) of an axon terminal (AT). The cell membrane of Schwann cells develops caveolae (arrowheads). A thick layer of basal lamina (BL), appearing as a multiple layer, is observed around the Schwann sheath. It is invaded by collagen fibers running in various directions (arrows). Triple-staining with tannic acid, uranyl acetate, and lead citrate. Scale bars = 5 p.m in a and b, 1 p.m in c. ing mechanoreceptors, Meissner-and Pacinian-like nerve endings, present in skin occur relatively rarely in the periodontal ligament, and they have been reported in only a limited range of animals (Lewinsky and Stewart, 1937, Berkovitz et al., 1983; Byers et al., 1986; Maeda, 1987; Maeda et al, 1 990a, Sato et al., 1989, Tadokoro et al., 1 998) . Byers (1985) regarded this rare type of periodontal mechanoreceptor (rapidly adapting type) as type 3. The higly varied degree of branching and terminal association with ligament fibers may confer a different degree of adaptation to this one basic receptor type, thereby supporting the hypothesis of Cash and Linden (1982) . In addition to these mechanoreceptors, there are nociceptors within the ligament fibers consisting of A-6 fibers and C fibers, and A-6 and C fiber endings along the blood vessels. Thus, at least seven different types of sensory receptors exist in the periodontal ligament (Byers and Maeda, 1997) .
(IV) Ultrastructural Features of
Periodontal Ruffini Endings
Although morphological research on periodontal innervation has been ongoing for several decades, Beertsen et al. (1974) were the first to present electron microscopic findings of periodontal sensory receptors. These recep-tors were reported to be composed of thick and branched axon terminals with rich mitochondria. However, they did not name these structures Ruffini endings, but referred to them as periodontal sensory receptors. Byers (1985) was the first to adopt the term periodontal Ruffini endings for such mechanoreceptors and clearly described their cellular features by transmission electron microscopy, using over 1000 serial ultrathin sections, combined with autoradiography. Since then, much more information has been accumulated. Ultrastructurally, the periodontal Ruffini endings are identified as expanded axon terminals filled with a vast number of mitochondria in the dense collagenous tissues (Fig. 2) . One of the ultrastructural features of cutaneous mechanoreceptors is the existence, in axon terminals, of a characteristic cell organelle that has been called the "receptoplasm" (Andres and von During, 1973) . The receptoplasm contains a cluster of mitochondria, various kinds of vesicles, smooth endoplasmic reticulum, and a reduced incidence of cytoskeletal filaments, all of which have also been found in the axon terminals of periodontal Ruffini endings (Figs 2a, 2b) . The large periodontal Ruffini endings have more abundant receptoplasm than high-threshold nociceptors (Byers and branes of both the axon terminals and Schwann sheaths in the terminal portions ( Fig. 2c) (Byers, 1985; Maeda et al., 1989; Kannari, 1990; Kannari et al., 1991; Nakakura-Ohshima et al., 1995) , though there is far less information on their functional significance. Furthermore, one prime characteristic is that the periodontal Ruffini endings associate with specialized Schwann cells, a kind of telo glial cell ( Fig. 2a ) (Everts et al., 1977; Byers, 1985; Maeda et al., 1989; Kannari, 1990; Kannari et al., 1991) that is quite similar to those of some other kinds of mechanoreceptors (Andres and von During, 1973) . Everts et al. (1977) named these peculiar cells "K-cells" because of the characteristic finding of a kidney-shaped nucleus. These K-cells were reported to express intense immunoreactivity for S-100 protein, a useful marker protein for glial elements (Fig. lb) (Sato et al., 1988; Maeda et al., 1989) , and to exhibit a nonspecific cholinesterase activity (Maeda et al., 1990b) , a marker for specialized Schwann cells associated with cutaneous mechanoreceptors. These features suggest that the K-cell is analogous to the lamellar cells of Pacinian corpuscles and laminar cells of Meissner's corpuscles, features which support the ultrastructural evidence of Andres and von During (1973) . Thus, this K-cell has been called a terminal or lamellar Schwann cell.
In contrast to the specialized Schwann cells such as the lamellar cells and the laminar cells in cutaneous mechanoreceptors, the terminal Schwann cells associated with periodontal Ruffini endings have been shown to possess a more extensive Golgi apparatus and endoplasmic reticulum ( Fig. 2a ) Kannari, 1990; Kannari et al., 1991) . Immunocytochemical and histochemical studies suggest the possibility that the terminal Schwann cells may be capable of synthesizing and secreting laminin , a major component of the basement membrane, and exhibit some enzyme activities including acid phosphatase and nonspecific cholinesterase activities (Maeda et al., 1990b (Maeda et al., , 1993b .
The cell body of the terminal Schwann cell extends its cytoplasmic processes toward more than one axon terminal ( Fig. 2a ). The number of covering Schwann sheaths around the axon terminals is multiple, indicating that the Schwann cell covering is not continuous (Byers, 1985; Maeda et al., 1989; Kannari, 1990 ; . Thus, the axon terminals are partially exposed to the surrounding periodontal tissues through slits in the Schwann sheaths. The exposed portions are equipped with finger-like axoplasmic processes called microspikes that occur in many types of mechanoreceptors (Spencer and Schaumburg, 1973 ) and fingers (Gottschaldt et al., 1982) or axonal spines (Munger and Ide, 1988) (Figs. 3a, 3b ). The axonal spines have been regarded as important receptive sites for the deforma-tion of the periodontal collagen fibers because of a topographically close relationship with the surrounding collagen bundles (Byers, 1985; Maeda et al., 1989; .
Furthermore, in adults, the Schwann sheaths around the axon terminals are surrounded by the multiple-layered basal lamina (Everts et al., 1977; Byers, 1985; Maeda et al., 1989 ). As will be described later, while the basal lamina layer is a single layer at the early stage of development, it becomes multi-layered when functional stimuli such as occlusal forces are imposed on the periodontal ligament (Nakakura-Ohshima et al., 1995) . Fine collagen bundles are embedded in the multiple-layered basal lamina ( Fig. 2c ) , which exhibits intense immunoreaction to laminin . The immunoreaction to laminin is also observed at the surfaces of the collagen bundles . Since laminin molecules are involved in cell adhesion, this close relation between collagen and receptor basal lamina may provide receptor anchoring to allow for detection of the deformation of the collagen fibers at the axon terminals of the periodontal Ruffini endings.
Both light and electron microscopic observations imply that the periodontal Ruffini endings form a very complex three-dimensional structure within the periodontal ligament. Kannari (1990) attempted to demonstrate their three-dimensional structure in the hamster incisor, using transmission electron microscopy in combination with a computerized reconstruction method. His computerized analysis showed that each axon terminal was covered with thick Schwann sheaths derived from more than two terminal Schwann cells whose cell bodies were located apart from the axon terminals, and further, that each terminal Schwann cell simultaneously extended its cytoplasmic processes to several axon terminals. However, he failed to reveal in detail the entire axon terminals, due to the low resolution of the computerized images. Recently, with the application of a chemical maceration method for digestion of the periodontal collagen fibers, Takahashi-Iwanaga et al. (1997) have succeeded in demonstrating a more detailed view of the periodontal Ruffini endings, employing a high-resolution scanning electron microscope ( Fig. 4a ). It clearly demonstrated the formation of the axonal spines extending from the axon terminals as well as the tongue-like cell processes from the Schwann sheaths of the axon terminals extending into the surrounding tissues (Figs. 4b, 4c ). Those Schwann extensions were much larger than the axonal spines. Immunoelectron microscopic observations show that these large extensions from the Schwann cells are immunopositive for the S-100 protein. The Schwann cell processes extending from the Schwann sheaths were frequently observed to embrace thick collagen bundles, suggesting the possibility of the involve- (Maedaetal. 1990b (Maedaetal. , 1993a Cholinesterase is largely divided into two subtypes-acetylcholinesterase and non-specific cholinesterase-which have acetylcholine and clioline ester, respectively, for their substrates It is well-known that the former is localized at the neuromuscular junction, while the latter has been found in the cutaneous mechanoreceptors Maeda et al. ( 11991 , using the method by Karnovsky and Roots ( 1964) , succeeded in demonstrating non-specific cholinesterase activity in periodontal Ruffini endings of decalcified sections (Fig 5a) As shown in the previous observations on cutaneous mechanoreceptors, this enzyme is present in the endoplasmic reticulum, nuclear envelope, and caveolae in the terminal Schwann cells associated with the periodontal Ruffini endings. However, no reaction product was found in the neural elements, including the axon terminals.
Acid phosphatase activity has also been used as an additional marker for the terminal Schwann cells With a double staining enzyme histochemistry and S-100 protein-immunohistochemistry procedure, an intense reaction for acid phosphatase activity can be seen in the cvtoplasni of the termninal Schwann cells positive for S-100 immunoreaction (Fig. 5b ). This enzyme activity is not found in intact axons, but becomes detectable following nerve injury such as lransection (Munger and Ide, 1988) Ultrastructiir l ly, the reactioii product for acid phosphatase activity is localized in tl-ie Golgi apparatus, endoplasmic ereti(ulum, and ysosornes in the terminal Schwann cell (Maeda et cl 1993b) Only cytochrome oxidase C activity one of the membrane-bounci mitochondrial enzymes in the oxidationreduction reaclion (Cgawa and Bainett, 1964 (Schroeder, 1986) This fact would imply that the periodontal nerve fibers have to adapt to the active tissue remodeling of the periodontal ligament. Experimental studies on tooth movement (Furstman and Bernick, 1972; Ohtake, 1982; Kvinnsland and Kvinnsland, 1990; Saito et al., 1991 Saito et al., , 1993 Yuuda, 1981) and traumatic occlusion (Kvinnsland and Heyeraas, 1992; Sodeyama et al., 1996) have clearly demonstrated the re-arrangement of periodontal nerves and changes in the shapes of the nerve endings in response to artificial stimuli, suggesting that the periodontal nerves have a high potential for neuroplasticity Recent immunocytochemical investigations have reported the existence and localization of the proteins involved in neuroplasticity-such as low-affinity nerve growth factor receptor (p75-NGFR) (Byers, 1990 , Saito et al., 1993 and growth-associated protein-43 (GAP-43) (Maeda and Byers, 1996, Kobayashi et ol., 1998; Youn et al, 1998 )-in the periodontal Ruffini endings ( Fig. 6a ). These two proteins are produced at high levels in developing and regenerating neurons (Benowitz and Routtenberg, 1987; Gordon-Weeks, 1987; Skene, 1989; Bothwell, 1991 Chao and Hempstead, 1995) . In mature neurons, the synthesis of these proteins is repressed or down-regulated but increases after nerve injury. However, as shown in recent reports, the constant expression of these proteins has been demonstrated in the mature periodontal Ruffini endings (Maeda and Byers, 1996; Kobayashi et al., 1998; Younetcil., 1998) p75-NGFR is a neurotrophin receptor which can bind all of the neurotrophin growth factors, but does not by itself induce biological, active neurotrophic effects (Bothwell, 1991 , Chao and Hempstead, 1995 . In the mature periodontal ligament, p75-NGFR immunoreactivity is found in the axoplasm of the free nerve endings and the axonal membrane of the Ruffini endings as well as in the cell membranes of the terminal Schwann cells, but not in the axonal spines (Byers, 1990 ). (1996) . 314 10 (3):307-327 (19991 Crit Rcv Oral Biol Med GAP-43 in the adult periodontal Ruffini endings came as a surprise (Maeda and Byers, 1996) . GAP-43 was discovered as a neuronal protein especially occurring in developing or regenerating neurons (Benowitz and Routtenberg, 1987; Skene, 1989; Curtis et al., 1992) . Under normal conditions, only Schwann sheaths covering the periodontal Ruffini axon terminals are positive in the GAP-43 immunoreaction, but the cell bodies of the terminal Schwann cells and the axon terminals of Ruffini endings are immunonegative ( Fig. 6b ) (Maeda and Byers, 1996; Kobayashi et al., 1998; Youn et al., 1998) . A similar expression pattern for GAP-43 has been reported in non-neural elements such as glial elements in both central and peripheral nervous tissue (Verhaagen et al., 1988; Curtis et al), 1992; Curtis, 1993; Plantinga et al, 1993 , Stewart et al., 1992a Woolf et al, 1992) . The functional significance of GAP-43 in Schwann cells has not been well-understood, but one hypothesis that has been proposed is that GAP-43 is involved in the motility of Schwann cells and/or in the formation of their processes Hall et al), 1992 , Scherer et al., 1994 . This possibility may reveal the functional significance of GAP-43 in the periodontal Ruffini endings, since the endings may require the ability to change their shape in response to external stimuli in the process of active tissue remodeling. In experimental conditions such as tooth movement (Kobayashi et a)l, 1998) and nerve injuy of inferior alveolar nerves (Youn et al), 1998), an induced, temporary expression of GAP-43 immunoreactivity is found in the axon terminals of the periodontal Ruffini endings, suggesting the involvement of this protein in the remodeling and/or regeneration of the axon terminals (Fig. 7) . The nerve fibers distributed in the dental tissues have been known to contain abundant neuropeptides, including substance P, calcitonin gene-related peptide (CGRP), and neuropeptide Y (NPY). However, normally, the periodontal Ruffini functions, such as neural excitation and transduction, muscle constriction, glandular secretion, and blood coagulation. Although the intracellular concentration of Ca2l (< 0.05 V1M) is lower than that in the extracellular concentration (2.5 mM), it is well-known that intracellular Ca2" controls enzyme activity and many intracellular signal pathways. Furthermore, Ca2, works as a specific second messenger in various cellular responses in a manner similar to cAMP (Rasmussen, 1970; Miller, 1988) . Unlike cAMP, Ca2, is not synthesized by a chemical reaction in living cells, but rather its concentration is strictly controlled to ensure normal cell function. Though the calcium channels in the cell membrane are believed to adjust intracellular Ca2+ concentrations, recent investigators have paid attention to the role of the intracellular calcium store, such as calcium-binding proteins or sequestration vesicles (Blaustein, 1988) . Generally, the calcium-binding proteins bind to Ca2", and together they interact with the target proteins in the cells to regulate their functions and biological activities. The mechanism of mechanotransduction in sensory receptors has not been clarified, but the histochemical detection of Ca2" revealed that mechanical stimuli induced a Ca2l influx into axon terminals of cutaneous mechanoreceptors, and that a high-affinity Ca2+-ATPase was localized in the axolemma of mechanoreceptors.
These findings suggest that Ca2' has an important role in mechanotransduction . The cell membranes of Meissner's corpuscles in the skin have a calcium channel which permits a change in permeability due to mechanical stimulation Tachibana et al., 1992a,b) . Changes in intracellular Ca2, concentrations by mechanical stimuli are precisely controlled to maintain homeostasis in the axon terminals. This would suggest the involvement of calcium-binding proteins during this process of Ca2+ transport.
The calcium-binding proteins include S-100 protein, parvalbumin, calbindin, calretinin, and others. All these proteins are termed the "EF-hand family" because of the presence of the common structure called the "EF-hand", which has a calcium-binding site in the molecular structures. They are generally divided into two groups-the trigger type and the buffer type-according to their functions (Baimbridge et al., 1992) . After binding to Ca2+, the trigger-type proteins, including calmodulin and troponin-C, change their conformation to control the functions of both the various kinds of enzymes and the ion channels (Cheung, 1980) . On the other hand, the buffertype proteins such as parvalbumin and calbindin serve in a passive role, e.g., the control of intracellular concentrations of Ca (Kretsinger, 1981) Recent immunohistochemical studies have demonstrated a wide distribution of these calcium-binding proteins in both the central and the peripheral nervous systems (Rogers, 1989a,b; Celio, 1990; Andressen et al., 1993) . In the peripheral nervous system, the mechanoreceptors (Duc et al., 1994; Del Valle et il., 1994) and the muscle spindles (Philippe and Droz, 1989; Hietanen-Peltola et al., 1992) have been reported to contain calcium-binding proteins.
The medium-sized to large neurons in the trigeminal ganglion have been shown to contain some calciumbinding proteins (Celio, 1990; Ichikawa et cil., 1994a Ichikawa et cil., ,b, 1996a Ichikawa et cil., , 1997a ), suggesting the existence of calciumbinding proteins in the trigeminal nerve fibers distributed in the dental pulp and the periodontal ligament. In fact, immunohistochemical surveys have demonstrated immunoreactions for parvalbumin, calretinin, and calbindin in the pulpal nerves (Ichikawa et al., 1996a (Ichikawa et al., ,b, 1997a Miyawaki et al., 1997) as well as in the periodontal nerve endings, including the Ruffini endings ( Fig. 8a ) (Ichikawa et al., 1996b , Ochi et a)., 1997a . , 1989) . However, recent immunoelectron microscopic studies using a specific antibody revealed the localization of S-100 -immunoreactivity in the axon terminals of the type 11 periodontal Ruffini endings (Nakakura-Ohshima et al., 1998) . Interestingly, immunostaining with antibodies to calbindin (calbindin D28K) (Ochi et al, 1997a) , calretinin (Ochi et al, 1997b) , and parvalbumin (Ichikawa et al, 1996b ) is able to depict the periodontal Ruffini endings in rat molars and incisors. In immunoelectron microscopy, these immunoreaction products were localized in the axoplasm of the axon terminals but not in cell organelles or in the covering Schwann cells (Fig. 8b) (Ochi et al, 1997a,b) . Furthermore, in the periodontal ligament, the free nerve endings and other cellular elements such as fibroblasts lacked these calcium-binding proteins (Ochi etal, 1997a,b) . Further investigations are needed before we can attain a better understanding of the role of the calciumbinding proteins in mechanotransduction.
Previous immunohistochemical investigations

(VII) Regeneration of Periodontal Ruffini
Endings Following Nerve Injury to the Inferior Alveolar Nerve (IAN)
When the peripheral nerves are injured, Wallerian degeneration takes place distal to the injury site, followed by regeneration of the proximal stump. The soma of the periodontal mechanoreceptors are located in both the trigeminal ganglion and mesencephalic trigeminal nucleus, and their peripheral processes travel through the inferior alveolar nerve and terminate in the periodontal ligament of the mandible. The inferior alveolar nerve may be damaged by trauma, extraction of third molars, and orthodontic surgery, resulting in abnormal sensations in the injured receptive fields. Therefore, it is important for clinicians to understand the processes of ) reported on the degeneration and regeneration processes of periodontal sensory nerve fibers on the lingual side of the rat mandibular incisor following inferior alveolar nerve injury. Within 3 days following resection of the inferior alveolar nerve, the nerve fibers reactive to protein gene product 9.5 (PGP 9.5, a general neuronal marker) completely disappeared (Fig. 9a ). Five days following resection, a small number of nerve fibers showing PGP 9.5-immunoreactivity appeared, and their number increased thereafter (Fig. 9b) . The terminal formation returned to normal by 14-21 days following injury (Fig.  9c) . The regeneration process of periodontal Ruffini endings following crush injury of the inferior alveolar nerve was almost identical to that following resection of the inferior alveolar nerve, except that a few PGP 9.5-positive nerve fibers remained, with a less-branchlike morphology in the alveolar-bone-related part, 3 days following crush injury (Fig. 10) . PGP 9.5-immunoreactive areas were minimal around 3-5 days post-injury, but returned to normal levels by 14 days following injury. This suggests that the regenerating nerves begin to return to the ligament by 3-5 days post-injury and have completed regeneration by day 14. In the inner conical body of the rat vibrissae, the Ruffini endings diminished by 7 days post-injury, and the re-entrance of the regenerating axons in the vibrissae was first detected 2 weeks after a crush injury and I month after transection of the infraorbital nerve (Renehan and Munger, 1986 ). In the Ruffini corpuscles of the rat elbow joint capsule, all axon terminals disappeared by 3 days following a crush injury to the median, radial, and ulnar nerves; the regenerating axons with small diameters first appeared after about 10 days, and Ruffini corpuscles returned to normal levels around day 30 (Sasamura, 1986) . In conclusion, the degeneration and regeneration processes of the periodontal Ruffini endings may occur more rapidly compared with those of other tissues, even when the axonal distances from the sensory ganglia are roughly the same as in the case of vibrissae.
It is well-known that alterations in the synthesis of various neuropeptides occur following nerve injury (H6kfelt et al., 1994) . For example, the levels of substance P and CGRP decrease in the sensory ganglia and their central projecting areas following nerve injury, while those of vasoactive intestinal polypepetide (VIP) and galanin increase. Interestingly, neuropeptide Y (NPY), which is rarely detected in the primary sensory neurons under normal conditions Wakisaka et al., 1991) , also appeared in the mediumto large-sized cells in the spinal and trigeminal ganglia following peripheral axotomy of the sciatic nerve and different peripheral branches of the mandibular nerve (Wakisaka et al., 1991 (Wakisaka et al., , 1992 (Wakisaka et al., , 1993 (Wakisaka et al., , 1995 . Wakisaka and his colleagues have reported temporal changes in the expression of NPY in the periodontal sensory nerve fibers following injury to the inferior alveolar nerve (Wakisaka et al., 1996a,b; Youn et al, 1997) . It is likely that injury-evoked NPY in the sensory ganglia is transported to the receptive terminals of injured nerves as well as to their central projection areas.
In normal animals, very few thin varicose NPYimmunoreactive nerve fibers are distributed around the blood vessels in the alveolar-bone-related part of the periodontal ligament (Fig. I la) . Since these NPYimmunoreactive nerve fibers completely disappear 5 days following superior cervical ganglionectomy, they are regarded as sympathetic perivascular nerve fibers. At 3 to 5 days following nerve injury to the IAN, when the regeneration of periodontal nerve fibers has started, the thick sensory nerve fibers returning to the ligament express NPY-like immunoreactivity. The number of NPYimmunoreactive nerve fibers increases gradually and reaches a maximum around 14 days following nerve injury. These NPY-immunoreactive nerve fibers display tree-like ramifications with expanded terminal portions, resembling the periodontal Ruffini endings (Figs. I Ib, II c). Under the electron microscope, these branch-like structures reactive to NPY were identified as expanded axon terminals which were not only filled with mitochondria but also covered with several immunonegative Schwann sheaths (Fig. 12a ). This Schwann cell covering was not continuous, so that the axon terminals were partially exposed to the surrounding tissues (Fig. 12b ). The exposed portions of NPY-immunoreactive axon terminals frequently exhibited the axonal spines extending through slits of the Schwann cell covering (Fig. 12b ). The number of NPY-immunopositive nerve fibers decreased thereafter and disappeared by 28 days following injury, when the regeneration process was almost complete.
The functional roles of NPY in the peripheral sympathetic nerves, such as vasoconstriction, have been documented (Lundberg et al, 1982; Dumont et a.l, 1992 ).
However, little information is available on the functional roles of injury-evoked NPY in the primary afferents. It is generally accepted that the substances which are up-regulated following peripheral nerve injury are associated with the survival and/or regeneration of the injured neurons. For instance, the VIP, which appears in the smallsized sensory ganglion cells following peripheral nerve injury (McGregor et al, 1984; Atkinson and Shehab, 1986; Nielsch and Keen, 1989; Doughty et a.l, 1991) , has the ability to increase blood flow and glycogenolysis (Said and Mutt, 1970; Magistretti et al, 1981; Brenneman and Eiden, 1986) . Furthermore, galanin, the expression of which is increased in the mediumto large-sized cells after nerve injury (Hokfelt et al., 1987 , Villar et al, 1989 , may represent an endogenous analgesic compound which counteracts the injury-evoked spinal hyperexcitability (Xu et al), 1990). Although Schwann cells have important roles in nerve regeneration and proliferate to promote the regeneration of the axons following nerve injury, they do not express NPY (Fig. 12) . A recent study showed that NPY may stimulate DNA synthesis of vascular smooth-muscle cells via YI receptors (Shigeri and Fujimoto, 1993) , suggesting that NPY induces the proliferation of the Schwann cell. The appearance of NPYimmunoreactive fibers around 5 days in the denervated ligament indicates the possible contribution of NPY to the functions of the regenerating primary afferents In addition to the possible involvement of NPY in the survival or regeneration process of myelinated nerve fibers, one cannot exclude the possibility that NPY may be associated with abnormal sensations such as mechanical hyperalgesia and nociception evoked by peripheral nerve injury. Nerve injury evokes hyperalgesia and abnormal sensations (allodynia) in the receptive fields (Devor, 1994) . A recent study with an experimental model of mononeuropathic pain in the rat foot showed a relationship between increases in NPY in laminae III-IV of the spinal dorsal horn and mechanical hyperalgesia (Munglani et al., 1995) . NPY-like immunoreactivity also appeared in the intrapulpal primary afferents (Wakisaka et al, 1996a) , and in intra-epithelial unmyelinated axons following tooth fracture (Wakisaka et al), 1996c) , both of which are associated with pain sensation. Therefore, injury-evoked NPY in the periodontal ligament may be a cytochemical indicator of nerve fibers that are involved in abnormal sensations such as mechanical hyperalgesia and nociception following nerve injury.
(Vill) Development of Periodontal
Ruffini Endings
During postnatal development, mammals go through functional conversion from sucking to mastication. This process usually includes tooth eruption and the maturation of the sensory receptive sites in the periodontal ligament, suggesting a correlation between this behavior conversion and the postnatal development of central and peripheral nervous systems (Moyers, 1973; linuma, 1985; Ikuno, 1989 ). This idea is strongly supported by the experimental evidence that extirpation of deciduous tooth germs delays the shift from sucking to mastication, which a dens implying that this functional conversion is related to the Thus, the rec process of tooth eruption and to the development of the eruption and peripheral nervous system as well as to the maturation In 7to of the central nervous system (linuma, 1985 Ikuno, already erupt( 1989) . However, little morphological evidence has been of the perioc provided on this issue except for reports by Nakakura-displayed kn Ohshima et al. ( 1993, 1995 The final At day after birth, when the rat incisors were locat-proceeded ra: ed beneath the oral mucosa, the nerve fibers had already As soon as c entered the loose connective tissue of the putative perio-nerve endinm dontal ligament, but they were only thin fibers, without arborization a any specialized terminal formation among the collagen ular outlines fibers (Fig. 13a ) At 4 days after birth, the incisors had not observed by yet reached the oral epithelium, and the periodontal lig-turally identil ament contained more fibrous and cellular elements 13h). The nun than at day I. The nerve fibers increased in number and terminals, wh were distributed throughout the whole lingual side of the basement me Crit Rete Oral Biol Me 0 320 1 0(3):307-32 7 999) incisor periodontal ligament-a distribution pattern comparable with that seen in adult rats These periodontal nerve fibers branched out two or three times and exhibited many bulbous portions along their course (Fig. 13b ). These swollen axonal regions were observed by electron microscopy to be surrounded by two or more Schwann sheaths (Fig. 13c) , whose configuration is similar to that described for cutaneous mechanoreceptors, in which each axon terminal is associated with more than one terminal Schwann lamelIa (Andres and von During, 1973) . However, no axonal spines -xtendcd from the axon terminals through the slits of the covering Schwann sheaths, and the Schwann cells did not vet form their tongue-like extensions These axon terminals contained only a small number of mitochondria, but had many clear vesicles of various sizes, similar to the cytoplasm of nerve growth cones These findings indicate that, by 4 days, the immature periodontal Ruffini endings already occupy the territory in se innervation will be found in the adult ceptor distribution is established prior to occlusion I 1-day-old rats whose incisal tips had ed into the oral cavity, the terminal portions lontal nerve fibers appeared beaded, and obor bell-shaped buttons These light rofiles are similar to those of mature perioni endings (Fig. 13d ) Immunoelectron emonstrated an increase in the number of in the axon terminals and in the Schwann ell as the extension of axonal spines from inals (Fig. 13e ). Furthermore, the basement round the axon terminals became more terminal Schwann cells developed a Golgi d a more extensive endoplasmic reticulum lasm maturation of periodontal Ruffini endings pidly after the commencement of occlusion.
)cclusion began, most of the periodontal gs showed extensive and complicated and expanded terminal portions with irreg- (Figs. 13f, l3g ) These ruffle-ended outlines, ight microscopy (Fig. 13g) , were ultrastruclfed as well-developed axonal spines (Fig mber of clear vesicles decreased in the axon ile that of the mitochondria increased. The *mbrane between the periodontal collagen bundles and Schwann cell covering became thicker Later, when occlusion between the upper and lower molars occurred, the number and density of the incisor periodontal Ruffini endings increased further, and almost attained the same ultrastructural configurations as seen in adults. The expanded terminal portions developed numerous axonal spines that branched out in a complicated three-dimensional array. Larger mitochondria, their long axes 1.5-2.5 Iwm irl length, appeared in the axon terminals, and the basement membrane around the axon terminals increased in thickness and appeared as a lamellated structure. The morphology of the periodontal Ruffini endings by 60 days (functional occlusion stage) was identical to that seen in adults, as mentioned above.
In summary, the developing periodontal Ruffini endings already have the ultrastructural configuration of the mechanoreceptors, including two or more Schwann sheaths around the axon terminals, prior to tooth eruption. After the incisor eruption stage, the periodontal Ruffini endings achieve the morphological features typical of mature mechanoreceptors, such as the cluster of mitochondria in the axon terminals and the formation of the axonal spines. The increasing number and maturation of the periodontal Ruffini endings proceed dramatically immediately after tooth eruption. In the final maturation stage of the periodontal Ruffini endings, the development of the axonal spines and the thickening of the basement membrane (finally seen as the lamellated layer) occur during the commencement of occlusion. Thus, the periodontal Ruffini endings show stage-specific morphological features that are closely related, chronologically, to tooth eruption and occlusion. Functional stimuli may contribute to the final differentiation and maturation of the periodontal Ruffini endings, because alteration of occlusion affects their morphology (Sodeyama et al, 1996) . However, no precise information is available regarding the developmental aspects of terminal Schwann cells associated with periodontal Ruffini endings. This review has summarized our current understanding of the cytochemical features, regeneration, and development of periodontal Ruffini nerve endings, which are the primary periodontal mechanoreceptor. The periodontal ligament is a clinically important site whose neural elements appear to be closely related to tooth occlusion during fundamental behaviors such as feeding and mastication. In. the past decade, many studies have generated a wealth of information on periodontal innervation, including the morphology of Ruffini endings. However, the relationship of growth factors to periodontal innervation during regeneration and development processes and the control mechanisms at the molecular level of these processes remain to be clarified.
